The primate cerebral cortex is characterized by regional variation in the structure of pyramidal neurons, with more complex dendritic arbors and greater spine density observed in prefrontal compared with sensory and motor cortices. Although there are several investigations in humans and other primates, virtually nothing is known about regional variation in the morphology of pyramidal neurons in the cerebral cortex of great apes, humans' closest living relatives. The current study uses the rapid Golgi stain to quantify the dendritic structure of layer III pyramidal neurons in 4 areas of the chimpanzee cerebral cortex: Primary somatosensory (area 3b), primary motor (area 4), prestriate visual (area 18), and prefrontal (area 10) cortex. Consistent with previous studies in humans and macaque monkeys, pyramidal neurons in the prefrontal cortex of chimpanzees exhibit greater dendritic complexity than those in other cortical regions, suggesting that prefrontal cortical evolution in primates is characterized by increased potential for integrative connectivity. Compared with chimpanzees, the pyramidal neurons of humans had significantly longer and more branched dendritic arbors in all cortical regions.
Introduction
Neuromorphological studies of the primate cerebral cortex have revealed remarkable variation in the structure of pyramidal neurons across different cortical areas. Specifically, it has been shown that in humans and other primates the extent and branching complexity of dendrites, as well as the number and density of spines, increases from primary sensory and motor to higher order processing areas, such as the prefrontal cortex Rosa 1997, 1998; Elston et al. 1999a Elston et al. , 1999b Elston et al. , 2001 Elston et al. , 2005a Elston et al. , 2005b Elston et al. , 2006 Elston 2000; Jacobs et al. 1997 Jacobs et al. , 2001 . Additionally, of all the cortical regions examined, the prefrontal cortex is characterized by the greatest inter-and intraspecific neuromorphological variation in Old World monkeys (Elston et al. 2011) . The pyramidal neurons of the human prefrontal cortex, furthermore, have been shown to exhibit a greater total number of dendritic spines compared with the prefrontal cortex of other primates, while in other cortical regions interspecific differences in the pyramidal neuron phenotype are not as pronounced (Elston et al. 2001 (Elston et al. , 2003 (Elston et al. , 2006 . The prefrontal cortex is a heteromodal association region that subserves highorder cognitive functions (Fuster 1997 ) and displays anatomical specializations in humans compared with other great apes (Semendeferi et al. 2001 (Semendeferi et al. , 2011 Smaers et al. 2011) , such as microstructural changes indicating increased neuropil fraction and spacing among cortical minicolumns (Semendeferi et al. 2011; Spocter et al. 2012) . Taken together, these data suggest that the evolution of the prefrontal cortex of primates, and especially of humans, has been characterized by substantial reorganization of wiring for enhanced neuronal integration.
Although studies of cortical neuronal morphology have been conducted in Old World monkeys (i.e. macaque monkeys, vervets, baboons; Rosa 1997, 1998; Elston et al. 1999a Elston et al. , 2005a Elston et al. , 2005b Elston et al. , 2011 Elston 2000) , New World monkeys (Elston et al. 1999b ) and strepsirrhine primates (Elston et al. 2005c) , there are currently no data concerning regional differences in dendritic complexity of any great ape species (i.e. chimpanzees, bonobos, gorillas, and orangutans), humans' closest living relatives. Such data are critical to determine what features of pyramidal neuron morphology in humans have been uniquely modified in evolution since the last common ancestor shared with great apes. In the current study, we used rapid Golgi staining to quantify differences in the neuromorphology of supragranular pyramidal neurons in 4 areas of the chimpanzee cerebral cortex, including primary somatosensory (area 3b), primary motor (area 4), prestriate visual (area 18), and rostral prefrontal (area 10) cortex. We expected that the prefrontal cortex (area 10), which is involved in higher cognitive processing, would contain neurons with longer dendrites, greater dendritic branching, and higher spine number and density than regions such as somatosensory, motor, and visual areas (areas 3b, 4, and 18). We also sought to compare our results in chimpanzees to data from human pyramidal neurons in order to examine whether dendritic arbors in the prefrontal cortex (area 10) appear disproportionately elaborated in human evolution.
Materials and Methods
Specimens Formalin-fixed samples were obtained from the left hemisphere of the brains of common chimpanzees (Pan troglodytes; see Table 1 for details) that were donated by the Yerkes National Primate Research Center (Atlanta, GA), the MD Anderson Cancer Center of the University of Texas, and the Maryland Zoo in Baltimore. Chimpanzees were housed according to each institution's guidelines; none was euthanized for the purpose of this study and all had died from natural causes. None of the animals used in this study showed evidence of neurological disorder and all brains appeared normal by routine assessment for pathology or in magnetic resonance images.
Tissue Preparation and Golgi Staining
Within 14 h of each subject's death, the brain was removed and immersed in 10% formalin. The brain was transferred to 0.1 M phosphate-buffered saline with 0.1% sodium azide solution within 4 months and stored at 4°C. The regions of interest were chosen because of their inclusion in previous human studies (Jacobs et al. 1997 (Jacobs et al. , 2001 ). Blocks of 3-5 mm in thickness, each containing one region of interest from the left hemisphere, were removed and randomly coded to prevent experimenter bias. The portion of area 4 that was sampled corresponded to the region of hand representation, located within the "knob" of the precentral gyrus (Hopkins et al. 2010) ; the part of area 3b that was sampled was located on the inner surface of the postcentral gyrus adjacent to the "knob"; the dorsal part of area 18 was used in the analyses.
Modified rapid Golgi staining (Scheibel and Scheibel 1978) was performed using the same protocol described previously for humans (Jacobs et al. 1997) . Tissue blocks containing the regions were first incubated in an osmic acid solution for ∼72 h, followed by incubation in silver nitrate for 24 h. Blocks were then sectioned on a vibratome at 120 mm, mounted, coverslipped, and stored flat and protected from light at 4°C. Of 9 individuals that were initially processed, 2 had to be discarded due to incomplete impregnation.
Morphological Analysis
Ten relatively isolated layer III pyramidal neurons were selected per region, for a total of 40 neurons per individual (N = 280). Selection criteria followed Jacobs et al. (1997 Jacobs et al. ( , 2001 ). Briefly, neurons had to be well impregnated, located within the center of the section, and be as complete as possible, typically showing at least 2 complete basilar dendrites with multiple branching, and a single apical dendrite extending from the cell body to the pial surface. Higher order dendritic branches were determined to be complete when the terminal ends (Jacobs et al. 2001) : (1) total dendritic length (TDL)-the sum of the individual lengths of all dendritic segments; (2) dendritic segment count (DSC)-the number of all dendritic segments; (3) mean segment length (MSL)-TDL/DSC, (4) dendritic spine number (DSN)-the number of all spines marked on the dendritic arbor; and (5) dendritic spine density (DSD)-the ratio of spines per unit (1 mm) of dendritic length. Cell body cross-sectional area was also recorded, as well as cell soma depth in the cortex. Dendritic measurements were taken for both basilar and apical dendrites. However, because apical dendrites were often incomplete due to sectioning, quantitative comparisons of dendritic length and spine number across cortical regions were performed only for basilar dendrites. Nonetheless, spine density, which is a relative measure (count by length), was calculated for both basilar and apical dendrites. In addition, a Sholl analysis was also performed to examine the number of intersections per 20 μm of basilar dendritic length.
Statistical Analysis
All tracings were performed blind to the regions of interest by C.D.S. and S.B., who were normed with another rater (A.L.B.) and checked by C.C.S. To ensure accuracy, intrarater reliability was assessed by tracing the same dendritic branch 10 times. Coefficients of variation calculated by S.B. (cell soma area = 5.1%, TDL = 1.8%, and DSN = 2.6%) and C.D.S. (cell soma area = 9.16%, TDL = 1.93%, DSN = 5.72%) showed little variation, and a split-plot design revealed no significant differences between the first and the second half of the tracings (P > 0.05). As assessed by the coefficient of intraclass correlation, interrater reliability was high: Cell soma area = 0.90, TDL = 0.98, DSN = 0.91 (A.L.B and S.B.), and cell soma = 0.58, TDL = 0.99, and DSN = 0.99 (S.B and C.D.S.). Data for the 6 variables of interest (soma area, TDL, DSC, MSL, DSN, DSD) were analyzed separately among regions. Specifically, we used a nested ANOVA design (IBM SPSS 18.0), in which each neuron was nested within region (areas 3b, 4, 10, and 18), which was nested within individual brain. We did not consider sex differences in the analysis because of the relatively small sample size (2 females, 5 males). Pairwise contrasts were then performed using a Bonferroni correction for multiple comparisons.
As dendrites may be incomplete due to sectioning, to ensure that the most complete cells were compared across regions, analyses were run on the entire data set (N = 280), as well as on a subset of neurons showing at least 3 dendritic trees and fourth-order branches (area 3b n = 37, area 4 n = 50, area 10 n = 53, area 18 n = 43). The latter was also used to compare the current data on chimpanzee dendritic morphology with existing Golgi data from humans (Jacobs et al. 1997 (Jacobs et al. , 2001 , collected for areas 3b, 4, 10, and 18 by using the same staining protocol, section thickness, and experimental procedure as that employed in the current study. The human sample comprised 8 individuals (individual details are provided in Table 1 ). Combined data from chimpanzees and humans were analyzed by performing a mixed model repeated-measures ANOVA with species as a between-subject factor and cortical region as a within-subject factor using the mean data from each cortical region.
Results
The tissue appeared generally well impregnated. Morphologically, layer III pyramidal neurons in chimpanzees were characterized by a dendritic "skirt" of basilar dendrites emerging from the base of a triangular-shaped cell body, and 1 vertical apical dendrite, with oblique secondary branches ascending perpendicularly toward the pial surface. All neurons were sampled from layer III, at an overall average cortical depth of 737 ± 324 mm (Table 2 ). There were no significant differences among regions in the depth of the sampled neurons.
Regional Differences in Pyramidal Neuron Morphology in the Chimpanzee Cerebral Cortex Significant regional differences were found for all variables (Figs 1-3) (cell body area: F (21,252) = 3.21, P < 0.001; TDL: F (21,252) = 5.57, P < 0.001; MSL: F (21,252) = 4.82, P < 0.001; DSC: F (21,252) = 3.78, P < 0.001; DSN: F (21,252) = 13.04, P < 0.001; DSD: Values of cell soma area, total dendritic length, mean segment length, dendritic segment count, dendritic spine number and density in areas 3b, 4, 18, and 10 in chimpanzees and humans.
F (21,252) = 5.59, P < 0.001). Pairwise comparisons indicated that prefrontal area 10 differed from the other cortical areas in having neurons with greater dendritic length (P < 0.001), spine number (P < 0.001), spine density (P < 0.001), and MSL (P = 0.001 for area 3b, P < 0.001 for area 18; but no differences with area 4, P = 0.93; Table 2 ). Compared with the average for neurons in areas 3b, 4, and 18, TDL and MSL were, respectively, 47% and 31% greater in area 10, the spine number was more than double (150%), and spine density was 86% higher. Although the mean number of dendritic trees per neuron was the same across regions (∼4), the number of dendritic segments in the basilar arbors of prefrontal neurons was 30% greater than other cortical areas (P < 0.001), indicating increased structural complexity of neurons in this region. This pattern was also confirmed by a Sholl analysis, which revealed that pyramidal neurons in prefrontal area 10 had more intersections per 20 mm of dendritic length compared with the other regions (F (21,252) = 6.62, P < 0.001). In addition, pyramidal neurons in area 10 had a larger soma area than pyramidal neurons in area 18 (P = 0.048), as well as greater spine density of apical dendrites (F (21,252) = 8.36, P < 0.001). Although substantial interindividual variability was observed for all the variables, the pattern of regional differences defined by greater dendritic length, increased spine density, and more elaborate branching complexity in prefrontal area 10 characterized most subjects. In contrast, no significant differences were observed among areas 3b, 4, or 18, which showed similar values. Regional differences were also confirmed when only the largest and most complete cells, as defined by at least 3 dendritic trees and fourth-order dendritic branches, were included in the analysis (TDL: F (21,155) = 3.82, P < 0.001; MSL: F (21,155) = 3.49, P < 0.001; DSC: F (21,155) = 2.56, P = 0.001; DSN: F (21,155) = 8.23, P < 0.001; DSD: F (21,155) = 2.90, P < 0.001). Area 10 showed longer dendrites than area 3b (P < 0.001), area 4 (P = 0.003), and area 18 (P < 0.001); greater MSL than area 18 (P < 0.001), but not area 4 (P = 1.000), and area 3b (P = 0.057); a higher number of dendritic segments than area 3b (P = 0.001), area 4 (P < 0.001), and area 18 (P < 0.001), as well as greater spine number (P < 0.001) and density (area 3b, and 4: P < 0.001; area 18: P < 0.006).
Comparison of Regional Differences in Dendritic Morphology Between Chimpanzees and Humans
As expected, analysis of the combined human and chimpanzee data revealed a main effect of cortical region for each variable (cell soma area: F (3,39) = 3.27, P = 0.03; TDL: F (3,39) = 11.39, P < 0.001; MSL: F (3,39) = 6.91, P = 0.004; DSC: F (3,39) = 7.71, P < 0.001; DSN: F (3,39) = 15.03, P < 0.001; DSD: F (3,39) = 13.27, P < 0.001). Pairwise comparisons confirmed that area 10 was significantly different from the other regions for both humans and chimpanzees, showing longer dendrites than areas 3b and 18 (P < 0.001), and approaching significance for area 4 (P = 0.094); greater MSL than area 3b (P = 0.018) and area 18 (P < 0.001); higher number of dendritic segments than area 3b (P = 0.008), area 4 (P = 0.026), and area 18 (P = 0.012); greater spine number than area 3b (P = 0.002), area 4 (P = 0.004), and area 18 (P < 0.001), as well as greater spine density than area 3b (P = 0.003) and area 4 (P = 0.001). A main effect of species was also found for most variables, revealing that humans had larger dendritic arbors, with longer dendritic segments and more spines than chimpanzees (cell soma area: F (1,13) = 12.80, P = 0.003, TDL: F (1,13) = 222.35, P < 0.001; MSL: F (1,13) = 66.78, P < 0.001; DSC: F (1,13) = 141.45, P < 0.001; DSN: F (1,13) = 45.94, P < 0.001). For spine density, however, no species effect was found (F (1,13) = 0.002, P = 0.96).
No significant interaction was found between species and region for any measure of dendritic morphology (cell soma area: F (3,39) = 1.19, P = 0.33, TDL: F (3,39) = 1.43, P = 0.25, MSL: F (3,39) = 0.78, P = 0.47; DSC: F (3,39) = 0.79, P = 0.39; DSN: F (3,39) = 2.43, P = 0.13, DSD: F (3,39) = 1.754, P = 0.17).
Discussion
The present study demonstrates that layer III pyramidal neurons in prefrontal cortex (area 10) of chimpanzees are more branched and spiny than pyramidal neurons in other cortical regions (i.e. areas 3b, 4, and 18). These results are consistent with previous observations in humans (Jacobs et al. 1997 (Jacobs et al. , 2001 ) and macaque monkeys (Elston 2000; Elston et al. 2001 Elston et al. , 2006 , and suggest that amplification of neuronal integration in the prefrontal cortex is a common feature that characterizes Old World anthropoid primates. In addition, when human and chimpanzee layer III pyramidal neurons were directly compared, the results showed that elaboration of dendritic branching distinguishes human neurons across all the cortical regions that were examined. However, there was not a disproportionate increase in the dendritic extent of human pyramidal neurons selectively in prefrontal cortex (area 10) (Fig. 4) .
Methodological Considerations
Since the pioneering work by Ramón y Cajal, the Golgi stain has been widely employed to visualize different neuron types in the mammalian cerebral cortex. More recently, techniques based on florescent dyes, such as those utilizing Lucifer Yellow intracellular injections, have also proven effective to visualize dendritic arbors and spines in a range of species (see Elston et al. 2009 ). Compared with the rapid Golgi method, intracellular dye injection techniques are more predictable and allow for acquisition of data from physiological or tract tracing experiments in conjunction with morphological visualization of a targeted selection of neurons (Hanani 2012) . In contrast to the Golgi stain, however, intracellular injections do not provide a random sampling of neurons, and appears to be problematic when applied to autopsy tissue (Jacobs et al. 1997) . For these reasons, Golgi impregnation techniques remain a primary tool for examining neuronal morphology in postmortem human tissue, as well as tissue from other species, such as hominoids, for which invasive procedures are not possible, tissue availability is scarce, and fixation lengths may be relatively long.
Before discussing the implications of our findings, methodological limitations of the rapid Golgi method should be considered. For instance, the values reported by the current study for spine number and dendritic length are likely to be an underestimation of the actual biological values. This is because spines situated immediately above and below the dendritic shaft may be obscured under traditional light microscopy and a section thickness of 120 mm does not encompass the entire dendritic array. In fact, differences in section thickness have been shown to affect estimates of TDL (Koenderink and Uylings 1996; Jacobs et al. 1997), thus making it difficult to compare results from Golgi studies in which a different section thickness (i.e. 160-200 μm) is used (e.g. Petanjek et al. 2008; Petanjek et al. 2011; Vuksi c et al. 2011) .
In order to hold constant the potential interactions of Golgi staining with technical factors in specimen preservation, preparation, microscopy, and quantification method, our analyses were designed to examine patterns of regional differences among neuronal populations in a within-subject design for chimpanzees. In addition, direct comparisons with previously published data were limited to those studies that used a rapid Golgi staining technique, a section thickness of 120 μm, and the same experimental procedure. As a consequence, we were able to perform quantitative comparison of our results with those of previous rapid Golgi studies in humans (Jacobs et al., 1997 (Jacobs et al., , 2001 but not with other studies from other species that have used different experimental methods (Elston et al. 2001) . Even so, it should be noted that the human data to which our results are compared were collected by using the Neurolucida Lucivid system, while the current chimpanzee tracings were performed with a digital camera on a computer screen. Although no differences in measures of dendritic length have been reported between the 2 data collection systems, quantification of spine number appears greater in Neurolucida camera tracings (Anderson et al. 2010) , making it possible that interspecific differences in spine density are actually greater than those reported here.
Regional Differences in Pyramidal Neuron Morphology in the Cerebral Cortex of Chimpanzees
Pyramidal neurons are the most common neuronal type in the primate cerebral cortex, constituting up to 70-90% of the total number of neurons depending on the region and species (Elston 2007) . Their typical structure, with a skirt of basilar dendrites and a single, vertical apical dendrite, allows for signaling among neighboring neurons across and between layers of the cortex by regulating the convergence and divergence of inputs (Purves 1988) , and by providing loci for excitatory synapses on spines (Yuste and Tank 1996; Spruston 2008) . Dendritic arbors are also extremely plastic structures, which undergo lifespan changes (Jacobs et al. , 1997 Jacobs and Schiebel 1993; Koenderink et al. 1994; Anderson and Rutledge 1996; de Brabander et al. 1998; Travis et al. 2005; Petanjek et al. 2008 Petanjek et al. , 2011 . Spines, in particular, are remodeled by experience during development, and provide support for the formation of life-long memories in adulthood (Diamond 1967; van Praag et al. 2000; Grutzendler et al. 2002; Radley et al. 2008; Kabaso et al. 2009; Yang et al. 2009; Bose et al. 2010; Bloss et al. 2011; Yadav et al. 2012) . As such, the geometric arrangement and total length of dendrites and their branching patterns are instrumental in determining the computational power of the neuron itself, and in regulating processes of learning and memory (Moser et al. 1994; Sin et al. 2002) .
One way in which dendritic morphology relates to cognition is by providing an anatomical substrate for increased corticocortical connectivity (Jacobs et al. 2001) . In humans, it has been demonstrated that heteromodal association areas of the cortex, which integrate inputs from numerous other cortical and subcortical areas, display greater dendritic complexity than unimodal sensory or motor regions (Jacobs et al. 1997 (Jacobs et al. , 2001 ). The prefrontal cortex is a supramodal association area that subserves "executive" functions by integrating inputs from diverse regions of the cortex (Rao et al. 1997; Miller 1999) . The greater dendritic length, more complex branching patterns, and the higher spine number and density exhibited by layer III pyramidal neurons in the chimpanzee prefrontal cortex supplement current evidence from other primates, suggesting that increased corticocortical wiring in this region may have been important in the evolution of executive cognitive capacities (Jacobs et al. 1997 (Jacobs et al. , 2001 Elston et al. 2001 Elston et al. , 2006 ; but see Clemo and Meredith 2012 for findings showing similar or lower spine density in heteromodal vs. unimodal sensory regions). Indeed, comparative evidence suggests that several nonhuman anthropoids possess socio-cognitive skills that depend on prefrontal cortex functions, which are highly sophisticated (Premack 2007) , including some form of "mentalizing" (Byrne and Whiten 1992; Hare et al. 2001 ; but see Call and Tomasello 2008) , the ability to establish and transmit cultural traditions, frequently involving the use of tools (Whiten et al. 1999) , and capacity for delayed gratification and inhibitory control (Beran et al. 1999; Amici et al. 2008; Wobber et al. 2010) .
Comparison Between Chimpanzees and Humans
Previous studies have claimed that the prefrontal cortex of humans displays particular anatomical specializations when compared with other primates (Deacon 1997; Elston et al. 2001; Semendeferi et al. 2001) . Specifically, evidence suggests that the human prefrontal cortex may have evolved molecular and neuronal specializations that enhance its capacity for integrative activity and synaptic plasticity. The human forebrain, and especially the prefrontal cortex, for instance, shows evidence of upregulation of thrombospondin (THB4)-a protein involved in synaptogenesis and dendrite outgrowth (Cáceres et al. 2007 )-as well as acceleration in change of gene expression regulating metabolic activities (Uddin et al. 2004; Fu et al. 2011) .
Consistent with the possibility that evolutionary modifications occurred in the morphology of the cytoskeleton of neurons and the cell energetic demand of the human prefrontal cortex, investigations of its cytoarchitecture indicate that, compared with other cortical areas, prefrontal area 10 is characterized by greater spacing among cortical minicolumns (Semendeferi et al. 2011) , as well as an increased neuropil fraction (Spocter et al. 2012 ) in humans but not in chimpanzees. These observations suggest that prefrontal cortex of humans contains a greater proportion of dendrites, axons, synapses, glial cell processes, and microvasculature relative to the space occupied by neuronal and glial somata. In the current study, we sought to determine whether disproportionate elaboration of prefrontal cortex (area 10) pyramidal neuron morphology also characterizes humans compared with chimpanzees. We found that chimpanzees and humans are similar in sharing the same pattern of relative differences in pyramidal neuron complexity among cortical regions, as indicated by the lack of a significant interaction effect between species and cortical region in all analyses of measures of dendritic morphology. Thus, the current results cannot explain the relative amplification of neuropil space and minicolumn widths in the prefrontal cortex that appears to be unique to humans (Semendeferi et al. 2011; Spocter et al. 2012) . Consequently, additional species-specific differences in microstructure, such as the spread of the dendritic skirt of pyramidal neurons or specializations within other cortical layers, may underlie the relatively increased neuropil in human prefrontal cortex.
While being similar to humans in sharing the same pattern of relative regional differences in dendritic morphology, chimpanzees differed in exhibiting pyramidal neurons with dendritic arbors that were absolutely smaller and had fewer spines across all regions of interest. However, it is notable that no interspecific differences in spine density were found (Table 2) . Larger brains are generally characterized by neurons with greater dendritic arbors (Purves 1988 ), yet the scaling of dendritic morphology in relation to brain size remains poorly understood (Changizi 2001) . In fact, data comparing dendritic morphology across primates of different brain size indicate that regional functional specializations rather than allometry may account for a considerable amount of inter-specific variation in dendritic complexity (Elston et al. 2001) . Because our analyses did not find an interaction effect between species and cortical region, the current results suggest that the extent of basilar dendrites in humans is larger by a similar proportion among cortical regions, without selective specialized elaboration of prefrontal neurons (Table 2 ). Given the variability of the Golgi stain, however, we are limited in our ability to interpret the degree of those absolute quantitative differences in dendritic morphology between chimpanzees and humans.
In conclusion, the current study provides further evidence that the evolution of executive cognitive functions in primates involved correlated changes in the microstructure of prefrontal cortex underlying the capacity for greater neuronal connectivity. Moreover, by examining regional dendritic differences in a nonhuman great ape species for the first time, these data support the conclusion that increased dendritic complexity in the prefrontal cortex is a shared trait that was likely to have been present in the common ancestor of humans and chimpanzees.
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